Introduction
Both smell and taste are important predigestive cues relevant for finding and identifying food and its palatability and toxicity (Rolls 2005) ; taste preference and aversion have been shown to be effective learning indicators in animals and humans (Stehberg et al. 2011) , especially relevant in species not able to eliminate toxic food after ingestion (Parker & Limebeer 2006) . Such predigestive signals also serve the preparation of the gastrointestinal tract by inducing secretory and motility responses (Davis & Smith 2009 ) (called anticipatory Altered odor sensitivity has been reported in patients with anorexia nervosa and bulimia (Rapps et al. 2008 , Schreder et al. 2008 , obesity (Naka et al. 2010 ), diabetes (Richardson et al. 2004 ), depression (Pause et al. 2001 ), schizophrenia (Turetsky et al. 2009 ), migraine (Pentzek et al. 2007) , and Parkinson's disease (Bohnen et al. 2010 ), but also in the irritable bowel syndrome (Steinbach et al. 2010 ) and following intestinal surgery (Harris & Griffin 2003) . Altered taste sensitivity has been found following bariatric surgery (Pepino et al. 2013) , while olfaction has not been investigated so far. These chemosensitivity changes have been attributed to altered central processing of sensory signals, e.g. controlled by food-ingestion controlling hormones such as Ghrelin (Tong et al. 2011 ), but also due to genetic mutations (Hasin-Brumshtein et al. 2009 ).
Altered olfactory functions during hunger, fasting episodes, and following food ingestion in healthy subjects have also been reported as early as 1949 (Janowitz and Grossman 1949), but data have remained controversial, probably not only due to the different methodologies to assess olfactory functions, but also due to differences in experimental protocols, e.g. duration of fasting, types of food ingested, timing of assessment, etc.
We wondered whether experimentally induced modulations of the digestive state are able to change the ability to sense, identify and discriminate standardized odor cues in healthy male and female subjects. As our overall research focus is on the psychobiology of eating, eating disorders, and the regulation of intestinal functions, we added a test of olfactory sensitivity to a series of independent experiments we conducted in the past 5 years. We tested the effects of prolonged (48h) zero-calorie fasting, high caloric (3810 kJ) food intake, high (40 g ) fatty acid ingestion, rotation-induced nausea, and prolonged (5-day) head-down tilt (HDT) bedrest with high/low salt diet on olfactory function using a standardized and validated odor test (Sniffin Sticks®) (Kobal et al. 2000 , Hummel et al. 2007 ) in healthy volunteers. We also compared odor sensitivity before and after bariatric surgery in patients with morbid obesity.
Our basic hypotheses were as follow: Upregulating of hunger by fasting should increase odor sensitivity, while downregulating it (from regular to strong satiety after meals of different caloric load) should decrease odor sensitivity. Inducing nausea by a non-food mechanism (rotation) should also reduce odor sensitivity. We expected olfactory sensitivity to decrease also with HDT, but we did not have a directed hypothesis regarding the effects' high/low sodium intake on olfaction. We expected olfactory sensitivity to be increased in morbid obesity and to return to normal after bariatric surgery.
Methods
The experiments were carried out at different locations in Tübingen and Cologne, Germany, but all under supervision of the principle investigator between 2004 and 2010. All volunteers participated in one experiment only, and gave written informed consent prior to participation. Participants were collected via advertisement on blackboards and newsletters, and received financial compensation for participation: for studies 1 to 4, they received on average 15€ per hour testing; in the HDT bedrest study (Study 5), they received a total compensation of approximately 100 Euros per day for the full 2 x 21 day study; and in study 6 patients received no honorarium but were reimbursed for travel expenses. All people had been screened to exclude any acute or chronic disease or medication intake except contraceptives in female subjects. We specifically screened and excluded those with increased scores on psychometric tests (e.g. the German version of the Patient Health Questionnaire, PHQ). All protocols had been approved by the Ethical Committee of the University of Tübingen Medical Faculty, except the bedrest study that was approved by the Ethics Board of the Physicians´ Chamber (Ärztekammer) in North-Rhine-Westphalia, Cologne, Germany. In most cases, the data reported here represent a small subset of all data collected (the fasting study, the fatty acid study, the HDT study); in others (food study, nausea study) the experiments were performed to test olfactory sensitivity mainly. The clinical study is also part of a larger investigation on physiological and psychological consequences of bariatric surgery in morbid obese patients (Rieber et al. 2012 , Teufel et al. 2012 ).
In all investigation, odor sensitivity was tested using the same standard test (Sniffin` Sticks) (Kobal et al. 2000 , Hummel et al. 2007 ). All investigations were crossover studies investigating subjects twice or more under experiment, and under a control condition. The patient study was a repeated test of olfactory sensitivity prior to and 12 months after stomach surgery.
Olfactory Sensitivity Testing
The "Sniffin` Sticks®" test (Burghart Medizintechnik GmbH, Wedel, Germany) consists of the three subtests: phenyl ethyl alcohol odor threshold, discrimination, and identification (for validation of the test see For the odor threshold test, three pens were presented simultaneously with one only containing one odorant in a certain dilution, while the other two contained the solvent. The subjects had to identify the odor-containing pen. Triplets with increasing concentrations were presented, and the staircase was reversed with correct identification. Threshold was defined as the mean of the last four out of seven staircase reversal points. The scores ranged between 1 and 16, and a higher score indicates higher sensitivity.
The odor discrimination test was performed by means of triplets of odorants -two pens containing the same odorant and the third a different odorant. Odorants comprising a triplet were similar with regard to intensity and hedonic tone. The subject's task was to identify, which of the three odor-containing pens smelled different. With a total of 16 triplets tested, the scores ranged again from 0 to 16, and a higher score indicates a better ability of odor discrimination.
For the odor identification, the test presented 16 common odorants like peppermint, vanilla, etc. The criteria for the selection of odorants were similar as described for the odor discrimination test, but subjects had to choose from 4 possible answers presented. Subjects were free to sample the odors as often as necessary to take a decision. The interval between presenting different odor identification tasks was at least 30 s to prevent olfactory desensitization. The scores ranged from 0 to 16 (1 point for each successful answer), higher scores indicating a better ability of odor identification.
The sum of results of the three Sniffin´ Sticks subtests is presented as TDI score. Previous work has established the testretest reliability and its repetitive use in experimental setting (Kobal et al. 2000 , Hummel et al. 2007 ). Fasting Study: Sixteen healthy female volunteers (21.4 ± 2.1 years) with normal body-mass index (BMI) (> 19 kg/m 2 ) were investigated at baseline (within 3 hours after a regular breakfast at home), and 24 h and 48 h later after staying fasted on a zero-calorie diet with water ad lib, while on a metabolic ward under strict compliance control (Enck et al. 2009 ). The volunteers were involved in a series of experiments and tests with respect to autonomic functions (heart-rate variability), energy expenditure at rest and during cycling, and neurocognitive tests following food signals (eye-tracking). All olfactory tests were done at the same time of the days (10.00h) and prior to the other tests.
The Experimental Protocols
Food Study: Twenty healthy male subjects (24.6 ± 2.0 years, normal BMI) were investigated twice, after an overnight fast at 8.00 h in the morning and 15 minutes after a standardized meal (pizza baguette, ice cream, apple juice) (3810 kJ), 100 g carbohydrates, 38 g fat, 21 g protein) at 12.00h. The sequences of test days were randomized but balanced, and the tests were at least 3 days apart.
Fatty Acid Study: Twenty-four subjects (12 females) (24.6 ± 1.9 years) were investigated four times, with at least 3 days in-between two tests, and on each day 3 hours after a standard mixed meal containing 40 g of either predominantly saturated or unsaturated fatty acids (olive oil or butter, resp.) (2546 kJ and 2303kJ resp) (32 g carbohydrates, 12 g protein), plus 5-hydroxytryptophan (500 mg) or placebo (Sauer et al. 200 ). We here report only the data for the unsaturated fatty acid meal (baseline), and the saturated fatty acid meal under placebo condition. The sequences of tests were randomized but balanced.
Nausea Study: Forty-four healthy subjects (22 females) (24.7 ± 1.9 years) were investigated twice, under baseline conditions after a 3 h fast and within 30 minutes, after they had been rotated along the body axis in a conventional rotation chair for 5 x 90 sec (with 1 min interruptions in-between runs), with nausea-enforcing head movements along the yaw-axis every 6 sec, as previously described (Rieber et al. 2010 ).
Bedrest Study: Eight healthy male subjects (26.4 ± 3.9 years) were investigated at two occasions months apart. At both occasion, they were tested immediately prior to HDT bedrest (baseline) on a balanced control diet (2.8 mmol sodium/kg BW/d), and after 5 days (of a total of 21 days) of 6 degree HDT bedrest, on either a low sodium (0.7 mmol/kg BW/d) or a high sodium diet (7. 
Statistics
Sensory thresholds for odor perception, odor discrimination and identification, and total scores of olfactory sensitivity (called TDI score) were compared between conditions by repeated measure ANOVA with the level of significance set at 5%. Correlations between the two measures were calculated by Pearson´s correlation coefficient. Data were also compared to the age-adjusted standard norms of the test. All analyses were performed with the SPSS Ver 13 statistical program.
Results
Fasting Study: None of the measures of odor sensitivity were altered after 48h of fasting compared to baseline ( Table 2) . All values were well within the normal range before and after fasting (Figure 1 ), but tended (p< .10) to increase following fasting. Data after 24 hours of fasting were not different (data not shown). Table 2 ), except that odor discrimination moderately improved (F=4.65, p=.044), but remained within normal ranges pre and post food challenge. All values were well within the normal range at baseline and after eating.
Fatty Acid Study:
Ingestion of high loads of saturated or unsaturated fatty acids did induce high levels of satiety, and even nausea in some cases, but did not change chemosensation ( Table 2 ), except that odor identification moderately increased (F=4.47, p=.045) with saturated fatty acids, as compared to the meal with predominantly unsaturated fatty acids. However, data under both conditions remained within the normal range. One male subject clearly exhibited signs of anosmia (TDI values < 15) under both conditions, while another subject was very sensitive (TDI > 40) (see Figure 1 Nausea Study: While inducing nausea via body rotation significantly reduces hunger (data not shown), it did not alter the ability to perceive odor signals that remained within normal ranges (Table 2 ).
Bedrest Study: HDT bedrest significantly reduced the ability to perceive odors (TDI score: F= 9.36, p=.018), mainly due to the decrease in discrimination (F=10.02, p=.016) ( Figure  2 ), while the discrimination capacity was reduced by the salt content of the diet (interaction Diet x Bedrest, F=5.73, p=.048). 
018). The figure reports post-hoc t-test values.
Bariatric Study: Odor perception was not changed in patients that underwent sleeve gastrectomy despite substantial alterations in eating behaviors that resulted in weight loss of 46.1 ± 12.0 kg. As is shown in Figure  1 , three of the male patients and one female patient showed abnormally reduced olfactory sensitivity prior to and after surgery. In two more females, the normal perception prior to surgery was lost post surgery. These changes were not explained by the higher age of the patients in comparison to the volunteer studies (see Table 2 ).
Both body weight prior to surgery and body weight loss were not associated with altered odor perception thresholds when adjusted for age and gender (data not shown). In the series of studies reported here, we tested (among others) whether experimental modulation of the fasting/fed state in healthy volunteers in five experiments and following surgical removal of part of the stomach in obese patients would affect the sensitivity of the olfactory system in a predictable way: we would have expected to see decreased thresholds and increased identification and discrimination ability during hunger, and the reverse effects following food ingestion, especially with a high fatty acid load. We also expected olfactory sensitivity to decrease with a non-food induction of nausea since nausea reduces the desire to eat, and during simulation of zero-gravity via HDT bedrest, while we did not have a directed hypothesis with respect to the salt load of food during HDT bedrest. Finally, we expected that bariatric surgery would reduce olfactory sensitivity, as has been shown for taste sensitivity in the literature (Miras and le Roux 2010).
Discussion
We were surprised to find that most of our hypothesis failed: Fasting does not affect the sensory perception of olfactory cues, neither does satiety nor nausea, and bariatric surgery had no effects even in those subjects that had abnormal thresholds for olfaction prior to surgery. Only with 5 days HDT bedrest, we found a significant increase in odor threshold due to the HDT component, and reduced odor identification abilities due to the high salt content of the diet.
The obvious discrepancy between the clinical finding of altered sensory perception in a number of eating and digestion-associated diseases as well as in centrally-mediated medical conditions on the one hand, and the missing action of respective experimental/clinical manipulations of the digestive state and physiology on olfaction calls for two possible explanations: Either the experimental manipulations are too moderate to mimic any of the central changes responsible for altered olfactory processing in those clinical conditions, or the tools for testing olfactory sensitivity are insensitive to catch any of the experimentally-induced changes in olfaction, but are merely able to identify alterations of smell sensitivity with severely altered clinical conditions. ) and have been linked to specific taste aversions and taste preferences in pregnant women (Nordin et al. 2004 ), but have not been found to be associated with nausea during early pregnancy (Hummel et al. 2002) . The mechanisms behind these phenomena, thus, are incompletely understood. Similarly, claimed higher odor sensitivity in "multiple chemical hypersensitivity" (Nordin et al. 2005 ) and in the "sickbuilding syndrome" (Wang et al. 2008 Two of our findings are worth further consideration: one is the decreased olfactory sensitivity in subjects after 5-day HDT bedrest, and on a low/high sodium diet. Prolonged 6-degree HDT is an approved earth-bound experimental technique to simulate zero-gravity conditions such as during space flights (Trappe et al. 2001) . It has been shown to alter bone metabolism (Trappe et al. 2001 ), cardiac functions (Trappe et al. 2006) , and other physiological changes (Kanikowska et al. 2008 ) that have been observed in astronauts after long-term space flights, and thus can be studied in more detail under conventional laboratory conditions, e.g. during the 60-day HDT WISE study in women (Beller et al. 2011 Mester et al. 1988 ). The mechanism behind this effect remains unclear but may be a consequence of an upward shift of body fluids, resulting, for example, in higher intracranial pressure or swelling of the mucosa tissue, although nasal airway resistance has been reported not to be changed with HDT bedrest (Steinbach et al. 2005) . The effect appears to be stronger under the low salt diet for unknown reasons.
This dilemma is not unknown:
Contrary to previous but mostly anecdotal reports (Harris & Griffin 2003), we could not substantiate findings that bariatric surgery -removal or reduction of a large proportion of the stomach -in morbidly obese subjects would affect chemosensitivity, at least for some taste components, e.g. sweets. In fact, half of our subjects had reduced smell sensitivity prior to surgery -which is compatible with the reported data from patients with metabolic disorders (Naka et al. 2010 ) -that did not improve; and in two cases chemosensitivity was worse 12 months after surgery but was normal before. Whether this represents the normal situation or an exception from the rule has to remain an open question until larger series of patients have been studied. As most reports are limited to sweet taste, this probably points towards a more cognitively controlled food (taste, smell) preferences and avoidances (Rieber et al. 2012 , Teufel et al. 2012 ) than to physiological changes in chemosensitivity.
We need to acknowledge a number of limitations of our studies: Studies 1 to 4 are powered as pilot studies because the available data did not allow for proper power calculation; in Study 5, the case number was assessed based on metabolic data and logistics, possibilities at the research facility at DLR Cologne. We had to accept the time slots that were offered to us due to priorities beyond our control. However, access to such studies is a privilege as they are rarely done. Study 6 was part of an ongoing clinical trial and suffered from poor adherence of patients for the physiological studies. While we used the same olfactory test in all studies, the test stimuli decay over time (they can be used for a maximum of 3 months), and may therefore have affected the outcome in some studies; we used however, new test sets for each of the studies. We also included only males in some studies (Studies 2 and 5) and females in others (Study 1), despite known differences (Doy and Cameron 2009) for practical reasons, and any generalization of the data may be limited by this fact. When females were included, they were not recruited according to their menstrual cycle status known to have (limited) effects on chemosensitivity (Navarrete-Palacios et al. 2003), which may have obscured the results. Finally, we should have collected taste data in all studies but did only in a few, and therefore cannot conclude from olfactory sensitivity to chemosensitivity in general.
In summary however, olfactory sensitivity (threshold and identification and discrimination capacity) appear to be rather stable (hard-wired) chemosensory functions that respond poorly, if at all, to short and acute changes in food-related nutrient cues (both fasting and loading) and their processing, and even to chronic and persistent reduction of the stomachs' storage capacity. This is at odds with reported taste alterations following bariatric surgery, and with the role of taste and smell in a variety of eating disorders. It, also, is at odds with the reported recovery of pathologic odor perception in patients with anorexia nervosa after weight gain and warrants further investigations.
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